Objective: To investigate whether internuclear ophthalmoparesis (INO) due to demyelination of the medial longitudinal fasciculus (MLF) provides a model for studying the poorly understood symptom of fatigue in multiple sclerosis (MS). We asked whether repetitive horizontal saccades increased eye movement disconjugacy in patients with MS with INO, but not in healthy subjects.
Fatigue is a disabling symptom of MS but its pathogenesis is not understood. 1, 2 Internuclear ophthalmoparesis (INO) is common in multiple sclerosis (MS), being evident when patients make rapid gaze shifts (saccades) between 2 horizontally separated targets. 3, 4 Normal subjects show conjugate horizontal saccades but, in INO, the saccade made by the adducting eye is slowed more than the abducting eye ("adduction lag"). The pathogenesis of INO is well understood (figure 1). [4] [5] [6] Burst neurons lying in the paramedian pontine reticular formation generate a pulse of innervation that projects to 2 populations of neurons in the abducens nucleus: abducens motor neurons and abducens internuclear neurons. The pulse of innervation passes on axons of abducens motoneurons to the lateral rectus muscle, and the eye accelerates to high speeds. 7, 8 Abducens internuclear neurons convey the pulse of innervation, via the medial longitudinal fasciculus (MLF), to medial rectus motoneurons in the contralateral oculomotor nucleus that cause the medial rectus muscle to contract rapidly. In normal subjects, the eyes turn rapidly together, as a conjugate saccade. The initial portion of horizontal saccades, which corresponds to the saccadic pulse, is machine-like and normal limits can be defined for the speed of abducting and the adducting eyes. 4, 7 INO in MS is due to demyelination of the MLF, which causes slowing of the adducting eye, which can no longer conduct high-frequency signals. 4, 9 The goal of this study was to determine whether the circuit for conjugate horizontal saccades in figure 1 provides an accessible model for studying the phenomenon of fatigue in MS.
METHODS
We studied a group of 9 patients (age range 26 -61 years, mean 43.3; 5 female) with definite MS (5 relapsing-remitting, 4 secondary progressive, disease duration 3-21 years, mean 11.9), all of whom had clinically evident INO of varying severity (4 bilateral, total 13 INOs); their clinical features are summarized in the table. We also studied 8 healthy control subjects (age range 27-57 years, mean 36.7; 4 female).
Standard protocol approvals, registrations, and patient consents. We received approval from our institutional review boards for our experiments using human subjects. All patients and control subjects gave written informed consent, in accordance with the Declaration of Helsinki and with the approval of our institutional review boards.
Patients and control subjects made horizontal saccades in response to 20-degree jumps, at 1.0 Hz across the midline, of a visual target (laser spot) viewed binocularly on a tangent screen at a distance of 1.2 m. This "fatigue test" lasted 10 minutes. Horizontal eye position was recorded using either infrared oculography or the magnetic search coil technique. 4 Signals were filtered (0 -150 Hz) prior to digitization at 500 Hz; eye velocity and acceleration were computed as previously described. 10 The onset and the end of saccades were defined using a velocity threshold of 10 deg/s. We applied 3 measures of conjugacy of horizontal saccades from data segments collected during the first and last minute of the fatigue test: 1) amplitude ratio (AR) of the size of the abducting saccade to the size of the corresponding adducting saccade, measuring this ratio of change in eye position from the onset of the saccade until the time of the peak velocity, corresponding to the pulse of innervation; 2) the ratio of abducting/adducting peak velocity (versional disconjugacy index [VDI]) 9 ; and 3) the normalized, interocular velocity difference (IVD) measured at 20% of eye displacement on phaseplane plots. This last technique has been described previously, 11 and is summarized briefly here. The displacement (change in position) and velocity of each eye were normalized by assigning a value of 1.0 to the maximum displacement, and to the peak velocity, of the eye making the larger movement. In this way, we were able to compare the velocity curve of each eye for the same normalized eye displacement during the entire saccade; the difference between these curves was velocity disconjugacy, which provided a value for IVD at 20% of eye displacement. We applied this technique to about 300 saccades at minute 1 and 300 saccades at minute 10 from the 8 age-matched normal subjects, and used linear regression to define 5%-95% prediction intervals (PI) of interocular velocity difference curves. Then, the average velocity disconjugacy was calculated from approximately 10 saccades at minute 1 and 10 saccades at minute 10 for each patient, and compared with PI of the control subjects. Figure 2 shows representative records of horizontal saccades made during the first and 10th minute of the fatigue test from a control subject and 2 patients with INO (see Discussion for details). Amplitude measurements. Normal subjects showed AR values close to 1.0 during both the first (0.97 Ϯ 0.10) and 10th (1.00 Ϯ 0.11) minute, and a paired t test showed no change ( p ϭ 0.475) ( figure 3A ). Patients showed larger AR values ( p ϭ 0.02) than controls at 1 minute (1.26 Ϯ 0.27), with a further increase at 10 minutes (1.41 Ϯ 0.43), although this increase was not significant (Wilcoxon rank sum test) due to large variance.
RESULTS
Velocity measurements. VDI values in normal subjects were close to 1.0 (signifying near-perfect conjugacy or synchronicity of abducting and adducting movements during horizontal saccades) both during the first (1.04 Ϯ 0.14) and 10th minute (1.05 Ϯ 0.14), and a paired t test showed no change ( p ϭ 0.475) (figure 3B). Patients showed larger VDI values (1.96 Ϯ 0.63) during the first minute than controls ( p Ͻ 0.001 on Wilcoxon rank sum test). During the 10th minute of the fatigue test, changes figure 3C ). The 5 INOs with VDI increase after 10 minutes also showed increase in IVD, which was significant in 4/5 cases ( p Ͻ 0.001), and the other 5 INOs with VDI decrease also showed similar IVD decrease after 10 minutes, which was significant in 2/5 cases. Representative examples of phase planes in figure 4 show either worsening (A) or improvement (B) of disconjugacy at 20% of eye displacement (IVD). Similar consistent changes in VDI for the same patients are also shown. Both IVD and VDI showed consistent changes in patients with MS between the first and 10th minute ( figure 3D ), confirming the result that patients with MS showed 2 distinct forms of behavior in response to the fatigue test. In the Discussion, we provide possible explanations for general worsening of conjugacy (increased VDI and IVD values) in INOs with initial VDI Ͻ1.9, and general improvement of conjugacy (decreased VDI and IVD values) with initial VDI Ͼ1.9.
DISCUSSION
We investigated whether the syndrome of INO might provide an accessible and sensitive model for studying the phenomenon of primary fatigue in MS. We found that 10/13 INO in 9 patients with MS showed substantial changes in conjugacy with a fatigue test, during which subjects made 20-degree horizontal saccades at 1.0 Hz for 10 minutes. Two types of change in the ratio of abducting/ adducting movements were encountered. In 5 cases, INO became significantly worse, as judged by changes in the peak velocity ratio (VDI) and velocity disconjugacy evaluated on phase planes (IVD). In another 5 cases, INO appeared to improve. How can these apparently disparate results be explained?
Our hypothesis was that abduction/adduction velocity ratio would increase with repetitive saccades due to progressive failure of transmission of the saccadic pulse by the demyelinated MLF. Such transmission would be expected to be tenuous based on the demonstration that increase in body temperature makes INO worse, 6 
Figure 2
Representative records of horizontal saccades made during the first and 10th minute of the fatigue test for a control subject (C1) and two patients (P9 and P8)
Positive values indicate increased abduction or adduction and convergence. Note that position scales at left and velocity scales at right vary between different subjects but are constant for each subject. In A and B, the normal subject shows little difference between the peak velocities of the abducting vs adducting eyes (highlighted in ellipses) at 1 or 10 minutes; transient, minor divergence is evident. In C and D, P9 with mild INO (versional disconjugacy index [VDI] Ͻ1.9) shows greater peak velocity of the abducting vs adducting eye at 1 minute (adduction lag), and this increased further by 10 minutes (doubleheaded arrows); divergence is increased compared with the control subject. In E and F, P8 with more severe internuclear ophthalmoparesis (VDI Ͼ1.9) shows a large difference between the peak velocity of the abducting and adducting eye at 1 minute (double-headed arrow), which caused transient divergence (lower arrow), similar to Patient 9. However, by 10 minutes the eyes initially converge (upper arrow), so that an adduction lag is no longer evident.
adaptive response of the visual system to repetitive transient diplopia exacerbated by the fatigue test. Thus, it has been shown that patients with unilateral INO whose normal eye is patched, imposing habitual viewing with the weak eye, develop adaptive changes in innervation over the course of a few days. 13 In these experiments, adduction improved on the side of INO, whereas the covered normal eye developed overshoots, reflecting an increase in the conjugate saccadic pulse in response to visual demands. We considered the possibility that improvement might have occurred in our patients if the eye with impaired adduction also had better vision (preferred viewing); however, our patients did not show large differences in the visual acuity of each eye (table), and the changes in disconjugacy developed over 10 minutes rather than days. Inspection of phase planes (figure 4) offers another possibility: vergence eye movements may have been recruited to substitute for impaired conjugate movements. Convergence movements are variably spared in INO, but may be elicited even in patients who have exotropia. 4 Although convergence movements are unlikely to have much effect on the initial, high-acceleration portion of the saccade, after about 20% of eye displacement they may be able to correct the developing exotropia imposed by slowed saccadic adduction. In a prior study of patients with slow horizontal saccades due to brainstem stroke, we have provided evidence that vergence movements may play a substantial role in gaze shifts. 11 Furthermore, improvement of conjugacy during the fatigue test was observed in those patients with a more severe degree of INO (initial VDI Ͼ1.9), who may already have well developed substitution of vergence eye movements for saccades. These different forms of behavior during the fatigue ). D shows the tight correlation between ratios of measurements at first minute/10th minute for VDI and IVD. Closed diamonds in B and C represent patients whose disconjugacy worsened, and open diamonds represent patients whose disconjugacy improved, by 10 minutes; see text for details. test were evident in some time plots, such as the representative data shown in figure 2 . Thus, the normal subjects (figure 2, A and B) showed little difference between the peak velocity of the abducting vs adducting eyes (highlighted in ellipses) at 1 or 10 minutes. Patient 9 (VDI Ͻ1.9; figure 2, C and D) showed greater difference between the peak velocity of the abducting vs adducting eye at 1 minute (adduction lag), and this increased further by 10 minutes (double-headed arrows). Patient 8 (VDI Ͼ1.9; figure 3 , E and F) showed a large difference between the peak velocity of the abducting and adducting eye at 1 minute (double-headed arrow), which caused transient divergence (lower arrow), similar to patient 9. However, by 10 minutes, his behavior had changed and the eyes initially converged (upper arrow), so that adduction lag was no longer evident. Small, high-frequency oscillations, evident in the velocity record, are reported to occur when saccades and vergence movements are combined. 10 Adaptive changes in vergence behavior occurred for both rightward and leftward saccades in P8, and were also encountered in P3. A second mechanism that appeared to contribute to improved conjugacy was a modest decrease in the velocity of the abducting eye at 10 minutes; this was most evident in P6 and P9 (for an example of an amplitude/peak velocity plot, see figure e-1 on the Neurology Web site at www.neurology.org). Such changes seem more likely to be due to a central adaptive response than fatigue. 14 worsening signal conduction in the setting of nerve demyelination to account for increased ocular disconjugacy (fatigue) in MS, with possible central adaptive mechanisms acting to correct failed transmission along the MLF. It should be noted that the focus of this study was on the saccadic pulse, but it seems likely that the step (eye position signal) that follows the pulse is also affected by fatigue in MS. In future studies, we plan to extend our methods of analysis to account for changes in both saccadic pulse and step, using an approach such as the first-pass amplitude measurement pioneered by Frohman et al., 15 which compares the abducting eye and adducting eye position at the time point when the abducting eye approximates the visual target. It also seems possible that an index of fatigue in INO can be developed that combines multiple measures of saccade disconjugacy. We propose that similar, and more complicated, effects are likely to be operating in more complex motor systems, such as those involved in gait. For example, a recent study reported that gait in patients with MS improved, rather than fatigued, with task-repetitive gait training. 16 Although our results are based on a relatively small sample, we found substantial changes in conjugacy in over 75% of cases. Our results suggest the need for further studies of this simple fatigue test, which was well tolerated by all patients, both before and after administration of drugs to combat fatigue. Trials of drug treatment of fatigue in MS, with agents like modafinil and 4-aminopyridine, have not shown consistent benefits compared to placebo, 17 when evaluated by a standard fatigue score. 18 We suggest that our saccade fatigue test provides the advantages of dependence upon a known circuit (MLF) affected by MS, and easy access to reliable measurements of the effects of drugs that can improve nerve transmission.
